Abstract-In this paper, we study a novel optical orthogonal frequency division multiplexing (OFDM) scheme, fractional reversed polarity optical OFDM (FRPO-OFDM), which enables dimmable visible light communications. The scheme combines an asymmetrically clipped optical OFDM (ACO-OFDM) sequence with an information-carrying brightness control sequence (BCS). We show that the new scheme can create a wide range of brightness levels whilst transmitting extra information using the BCS to enhance the spectral efficiency. The detector which can recover information from both sequences is derived based on maximum likelihood (ML) detection and estimation. It is shown that the information carried by the BCS using variable on-off keying (VOOK) can be detected with extremely low bit error rate (BER) and that the resulting overall BER of FRPO-OFDM is constant over a wide dimming range.
I. INTRODUCTION
With the increasing use of the energy efficient white light emitting diodes (LEDs), visible light communication (VLC) using intensity modulation direct detection (IM/DD) is emerging as a promising dual-use technique for indoor illumination and high speed data transmission. From the perspective of lighting, brightness control is essential to deliver a comfortable, energy efficient and aesthetic lighting experience. This, however, leads to a challenge from the perspective of data transmission, that is, the modulation techniques used by VLC must be dimming compatible [1] .
Brightness control can be implemented in a number of ways. The most straightforward is known as the analog dimming which adjusts the brightness level through directly controlling the strength of the current input into the LEDs. This is possibly the simplest solution but may lead to a noticeable chromaticity shift [1] . Alternatively, digital dimming can be applied, in which rectangular pulses are transmitted and the brightness level is controlled through varying their duty cycle [2] . Typical digital dimming schemes include variable on-off keying (VOOK), variable pulse position modulation (VPPM) and multiple pulse position modulation (MPPM) . Compared with analog dimming, these schemes provide more accurate control and induce less chromaticity shift. Therefore, they are preferred in industry standards.
Original optical orthogonal frequency division multiplexing (OFDM) techniques, such as asymmetrically clipped optical OFDM (ACO-OFDM) [3] and DC biased optical OFDM (DCO-OFDM) are not compatible with brightness control. This is because OFDM signals typically have high peak-to-average power ratio (PAPR) and the direct control of their DC components may lead to the peaks going beyond the dynamic range of the LEDs, resulting in (1) significant signal distortion and (2) insufficient utilization of the LED's dynamic range. To address this problem, dimmable OFDM methods are recently proposed using digital dimming [4, 5] . In both of the methods, a periodic binary brightness control sequence (BCS) is employed to control the brightness with its duty cycle, but carries no information.
In this paper, we study an enhanced reverse polarity optical OFDM (RPO-OFDM), called fractional RPO-OFDM (FRPO-OFDM), which transmits information using both the OFDM signal and the BCS to improve the spectral efficiency. The proposed OFDM scheme can be a combination of ACO-OFDM with any digital dimming scheme [2] . Here we demonstrate its feasibility and focus on the case where VOOK is used. We use ACO-OFDM other than DCO-OFDM to ensure a reasonably wide brightness range [5] . We show that FRPO-OFDM can efficiently utilize the LED's dynamic range, delivering a wide dimming range. A high performance detector is also derived based on maximum likelihood (ML) estimation and detection. It is shown that, over a wide range of brightness, the extra information carried by the BCS can be decoded with extremely low bit error rate (BER). This leads to negligible impact of the these information bits on the demodulation of the ACO-OFDM signal and implies that the spectral efficiency can be further improved using higher order modulation such as Marry pulse position modulation (M-PPM) in the BCS.
II. SIGNAL DESIGN AND DIMMING CONTROL

A. FRPO-OFDM
In this section, we present the format of a FRPO-OFDM signal. FRPO-OFDM distinguishes from the original RPO-OFDM [5] in two major aspects. First, the periodic BCS is replaced by a random information carrying sequence in the form of VOOK. Thus, the BCS used in FRPO-OFDM will have two possible waveforms each corresponding to a possible information bit. Second, each BCS is configured to have a size identical to that of an OFDM symbol. Therefore, unlike RPO-OFDM [5] , the transition between the on and off states in a BCS will be located within each OFDM symbol and the dimming level depends on the fractions the two states take up.
A FRPO-OFDM symbol is constructed using three modules: (1) an ACO-OFDM modulator [3] , (2) a VOOK modulator [2] and (3) 
, is generated by the VOOK modulator, where 0 n b = and 1 correspond to the off and on states, respectively. In general, a BCS consists of two portions: an active portion with a length of m bits which carries information and an inactive portion consisting of N m − bits, used as filling bits for brightness control [2] . Thus, the duty cycle of the sequence, D , is given by m N . Depending on the information to be transmitted, all the bits in the active portion take identical value equaling either one or zero.
The combining module performs an element-wise multiplication and addition on the two sequences, yielding the FRPO-OFDM signal given by 
and sequence
As shown in (1), the term,
, is a non-positive going sequence biased at A , representing the on state. Thus, the maximum and minimum values of this sequence will be A and A − , respectively, i.e., this sequence is constrained between A ± . When multiplied with n p which equals either 1 or 1 − , the sequence will either remain at the on state or be flipped to the off state, resulting in the term, ) and (c), we can see that because of the use of a BCS, the average optical power of the FRPO-OFDM is different from that of the original ACO-OFDM. This confirms that FRPO-OFDM can indeed adjust the average strength of the current. Also, the ACO-OFDM signal is seen completely contained in the dynamic range regardless of the brightness level. This addresses the issue raised in analog dimming. From Fig. 1(b) and (c), it can be seen that using "1" as filling bits can generate higher optical power than using "0". This is consistent with the original VOOK.
B. Measured and Perceived Brightness
Now we derive the expression of the measured and perceived brightness. We assume the dynamic range of the FRPO-OFDM signal is included in that of the LED. Then the electrical-to-optical conversion is linear. In line with [5] , the measured brightness level (MBL) is given by
where avg I denotes the average current input to the LED. Assuming the BCS transmits 1 and 0 with equal probability, as the average current equals 
The value of 
III. SIGNAL DETECTION
In this section, we derive the detector that recovers the information from both the OFDM signal and the BCS. Because of the DC offset existing between the transmitter and receiver [6] , the received signal can be expressed, in a compact form, as
where " ⊗ " denotes the element-wise multiplication, and c I ′ , represent the DC-bias at the receiver, the vectors of the clipped OFDM samples, the noise and ones respectively. In this paper, only shot noise is considered, which is induced by the ambient light. Thus w is Gaussian distributed having independent elements with power of 2 w σ .
As the relationship ⊗ = p p 1 holds, if the information carried by the BCS is correctly decoded, multiplying the decoded p with the received signal yields 
From (9), we can see that the information symbols are carried on the odd subcarriers of ( ) c s , whereas the term, A1 , has only DC component and the spectrum of I ′ − c p depends on the property of p . In this paper, in order to avoid the interference, the BCS as well as vector p is assumed to be repetitive, i.e. 
A. Estimation of the DC Bias
The decoding of the VOOK signal can be modeled as a binary hypothesis testing with both random ( ,...,
We define two auxiliary vectors given by 
Conditioned on hypothesis i H , the ML estimate of 
where for 0 
B. Detection of the VOOK Signal
In this section, we develop a detector based on composite ML detection which calculates the likelihood ratio 
and compares it with 1, where the dc bias, c I ′ , is substituted by its estimate in both hypotheses. Because of (12), the expectation is only taken over
Using the periodicity of p , the conditional PDF can be expressed as 
The joint PDF of x − which are Gaussian variables when the size of the IFFT, N , is large enough. Using the Hermitian symmetry, the output of the IFFT is given by [7] 
where 
where the second equation holds as the M-QAM symbols have zero mean and their real and imaginary parts are independent. Eq. (19) confirms that the outputs of the IFFT have antiperiodic symmetry, and implies that they have identical power, , its BER for the ACO-OFDM signal is approximately five times of those of the other two. Fortunately, the BER for the VOOK signal improves with increasing duty cycle. We can see that for duty cycles 16 256 D = and 1 , the BERs of the ACO-OFDM signals are identical and that extremely low BERs are achieved by the VOOK signal (zeros errors detected in the simulation). In fact, a simulation not presented shows that the BERs for the ACO-OFDM signal are identical for all the possible duty cycles not less than 16 256 and that the BERs for the VOOK signals using these duty cycles are extremely low. This means that for a wide range of brightness levels, the extra information transmitted by the BCS can improve the spectral efficiency without causing noticeable performance degradation. The extremely low BER for the VOOK signal implies that higher order modulations such as M-PPM can be implemented in the BCS to further improve the spectral efficiency.
V. CONCLUSION
We have studied FRPO-OFDM for indoor dimmable VLC. The signal format is derived as a combination of an ACO-OFDM signal with a VOOK sequence. We show that the resulting format can fully unitize LED's dynamic range, minimizing the nonlinear distortion in adjusting the brightness level. The detector for FRPO-OFDM is developed, which can recover information from both the BCS and the ACO-OFDM signal. The simulation results demonstrate that the desirable linear relationship exists between the MBL and the duty cycle. The simulated BER shows that the use of the informationcarrying BCS improves the spectral efficiency. It can be envisaged that, because of the extremely low BER achieved by the VOOK signals, modulations with higher order, such as M-PPM), can be adopted in the BCS to further improve the spectral efficiency.
